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Abstract
We discuss the main factors affecting the design of accelerators aiming to investigate physics
at the GUT scale. The most important constraints turn out to be the energy used and the time
taken to accumulate sufficient luminosity. We propose a photon collider design, where the photons
are generated by undulator radiation from high energy muon beams. This reduces the energy
requirements by a factor of 107 compared to a pp collider. Much of the reduction in energy use
is achieved by using a periodic magnetic field to prevent a cascade of secondary reactions at the
collision points. The proposed collider would be powered by (part of) a Dyson swarm constructed
around the Sun, and efficient use of energy will be important to reduce the time needed to reach
the desired number of collisions.
1 Introduction
In the distant future we may wish to construct a
collider with a centre of mass energy
√
s around
the scale of grand unified theories (the GUT
scale; approximately 1015 GeV) in order to in-
vestigate physics at these energies directly. This
paper discusses the problems affecting the de-
sign of such a collider and proposes an undulator
radiation collider as an energy efficient solution.
Throughout this paper, we will assume the
Standard Model is correct up to the GUT scale;
otherwise the design of (and motivation for) a
GUT scale collider would depend on the new
physics. The remainder of this section justi-
fies the energy and luminosity required for a
GUT scale collider. Section 2 explains why a
photon collider is a good choice. Section 3 de-
scribes a potentially serious problem due to sec-
ondary reactions in the interaction region and
how this can be mitigated by using a periodic
magnetic field. The detectors and accelerators
are described in Sections 4 and 5 respectively,
and Section 6 describes the Dyson swarm and
energy transmission. Finally we sum up in Sec-
tion 7.
1.1 Target energy and luminosity
Energy
After the discovery of the Higgs boson, it is not
clear at what energy scale new physics might
next be found. Naturalness suggests that this
scale should be as low as possible, and preferably
at the weak scale (∼ 100 GeV); however this is
already in tension with current limits and it is
possible that naturalness arguments are simply
wrong. Both dark matter and dark energy re-
quire physics beyond the Standard Model, but
this physics might occur at any scale.
An indication for a scale comes from the
fact that the three Standard Model couplings
become approximately equal in the range 1014–
1015 GeV. This observation led to the idea of
grand unified theories, in which the three Stan-
dard Model gauge groups become unified into
one around this scale. The simplest non-
supersymmetric GUTs have been ruled out, and
in this article we are assuming low-energy su-
persymmetry does not exist. However, more
complicated non-supersymmetric GUTs are still
possible [1], and in any case the crossing of the
couplings does suggest that something interest-
ing may happen at this scale.
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Neutrino masses also provide an indication
of a scale at which new physics might be ex-
pected. If the see-saw mechanism is correct,
these would be generated at a scale of around
1014 GeV [1]. The see-saw mechanism can only
work if neutrinos are Majorana particles, which
is currently unknown; however, it is another in-
dication that there may be new physics in the
range 1014–1015 GeV.
To be specific, in this paper we will adopt a
target energy of 1015 GeV, at the upper end of
the ranges above. However, the design proposed
here could easily be adapted to somewhat lower
or higher energies.
Luminosity
In addition to having sufficient energy, a collider
must have a large enough luminosity to discover
new physics. The required integrated luminosity
depends on the cross-section of interest, which
is naturally of order
σ ∼ α
2
E2
, (1)
where α is the relevant coupling constant and
we assume that the leading order Feynman dia-
gram includes two vertices. Taking, say α = 0.1,
we find σ = 4× 10−64 m2 = 4× 10−36 barn.
The number of events observed is N = σL,
where L is the integrated luminosity. Assum-
ing we want to observe at least 10 or so events,
this translates to the requirement L & 2.5 ×
1064 m−2 = 2.5 × 1018 ab−1. To put this into
perspective, the total integrated luminosity at
the LHC is expected to be around 3 ab−1.
2 Choice of particles
We now turn to the choice of particles to collide.
All colliders to date have used either electrons
or protons (and sometimes their antiparticles).
Of these protons are clearly better at high en-
ergy since the synchrotron radiation losses are
smaller by a factor
(
mp
me
)4 ≈ 1013. This is a sig-
nificant consideration even for a linear collider,
since the beams have to be bent in order to be
focused at the interaction points. For example,
for electrons with energy 5× 1014 GeV, a beam
of width 1µm would have to be focused over a
length of at least 1011 m to avoid losing most of
its energy by synchrotron radiation.
The total cross-section at
√
s = 1015 GeV
for proton-proton collisions is approximately
1200 mb [1]. For an integrated luminosity of
2.5 × 1018 ab−1, this corresponds to a total of
3 × 1036 collisions over the lifetime of the ex-
periment. The energy required per collision
is 1015 GeV (assuming 100% efficiency!); there-
fore the total energy required is approximately
5 × 1041 J. Since the luminosity of the Sun is
3.8×1026 W, the total energy output of the Sun
would be required for some 40 million years.
This is a lot of energy, and it would be nice
to be able to use a bit less. The energy required
is proportional to the total cross-section, so we
should aim to use particles with as small a cross-
section as possible.
Using electrons is almost certainly impos-
sible due to the huge synchrotron radiation
losses. For other charged particles X, the pro-
cess X+X− → X+X−e+e− will contribute to
the total cross-section. To leading order, the
cross-section for this process is [2]
σX+X−→X+X−e+e− =
28Z4α4
27pim2e
(
ln
(
2E
m2
))3
,
(2)
where E is the beam energy and Z is the charge
of X. This decreases only very slowly with the
particle mass m. For muons it is 500 mb and
for τ particles it is still 400 mb, so the gain
compared to protons is relatively small. Many
hadrons are heavier, but these will have large ad-
ditional contributions to the cross-section from
the strong interaction. The W boson is heav-
ier still, but its lifetime is far too short. So no
known charged particle will do.
The alternative is to collide neutral particles,
which can have far smaller cross-sections. How-
ever, they cannot be accelerated electromagneti-
cally. Instead they must be produced indirectly,
or produced at low energy and then accelerated
by colliding them with a high energy beam.
Neutrinos have an extremely low cross-
section (220 pb for νν¯ and 70 pb for νν [3]),
and high energy neutrinos can be produced by
the decay of high energy muons. However, there
is a problem at the energies we are consid-
ering – muons are too stable! At an energy
of 5 × 1014 GeV, muons travel approximately
3 × 1018 m (300 light years) before they decay,
requiring a collider at least twice that size (one
decay length for each arm). Even worse, the
angular spread of the neutrino beam, which is
of order 10−16, will result in very wide neutrino
beams at the interaction points.
Alternatively we might consider, for exam-
2
ple, the reaction µ+µ− → H0 to produce high
energy Higgs bosons some centimetres from the
collision point (Higgs bosons have a range of ap-
proximately 20 cm at 5× 1014 GeV) or µ+µ− →
Υ(3S) to produce high energy bottomonium
tens to hundreds of metres from the collision
point (Υ(3S) particles have a range of approxi-
mately 500 m at 5 × 1014 GeV). Higgs bosons
are weakly-interacting, and bottomonium, al-
though strongly interacting, is spatially much
smaller than a proton, so both these options
would reduce the total cross-section. With this
method the particles should be produced at res-
onance so that energy is not wasted producing
other, unwanted, types of particles. Neverthe-
less, for Higgs bosons the process will be very
inefficient: the cross-section for µ+µ− → H0 at
resonance is 40 pb [4], whereas the cross-section
for process (2) is 2 mb at the same centre-of-
mass energy, giving a Higgs boson production
efficiency of 0.000002%. Similarly, Υ(3S) pro-
duction would also have a low efficiency.
Another problem is that there may be in-
teractions between the produced particles and
the incoming beams, e.g. the reaction H0µ →
µW+W−, which would reduce the intensity of
the beam produced. Whether such reactions are
a serious problem requires further investigation.
Photons
The cross-section for γγ → hadrons at √s =
1015 GeV is only about 0.012 mb [1]. The reac-
tion γγ → e+e−e+e− contributes an additional
0.006 mb [5], giving a total of 0.018 mb. This
reduces the energy requirements for a photon-
photon collider by a factor of 70000 compared
to protons and 30000 compared to muons.
γγ colliders have been proposed with centre
of mass energies in the GeV to TeV range (see
e.g. [6, 7]). The high energy photons in these
designs would be produced by inverse Compton
scattering: a low energy laser beam would be
bounced off a high energy electron beam to pro-
duce high energy photons. The limit on this
process is pair production of electron-positron
pairs by interactions between the incoming and
outgoing photons; to avoid this, one must have
x = 4
Ee−Eγ,in
m2e
< 4.8. (3)
The maximum outgoing photon energy is given
by Eγ,out =
x
x+1Ee− , and is 83% of the electron
beam energy for x = 4.8.
To use this method at extremely high en-
ergies, it seems all we have to do is to bounce
the photons off muon beams rather than elec-
tron beams to avoid the issue of synchrotron
losses. Unfortunately, this doesn’t work. The
limit x = 4.8 applies when the masses of the
particles being pair-produced and those in the
incoming beam are the same. This is the case for
photon collider designs using electrons, but not
for our situation: the incoming beam contains
muons but the limit on x is given by the light-
est charged particles that can be pair-produced,
which are electrons. The limiting value of x in
this situation is
x = 2
(
me
mµ
)2
+2
√(
me
mµ
)2
+
(
me
mµ
)4
≈ 0.0097.
(4)
Therefore the maximum outgoing photon energy
is over 100 times smaller than the muon beam
energy. This means an increase in energy re-
quirements by a factor of 100, reducing the gain
to a factor of 700 compared with protons, or
300 compared with muons. Furthermore, syn-
chrotron losses will increase by a factor of 108,
unless the curvature radii are increased by a fac-
tor of 10000 from the already very large radii re-
quired at a beam energy of 5×1014 GeV, and the
accelerating sections will need to be 100 times
longer. These disadvantages seem likely to out-
weigh the benefit of a reduced energy require-
ment.
Fortunately, there is an alternative mecha-
nism for producing high energy photons: syn-
chrotron radiation. The question is whether two
sufficiently intense beams of synchrotron radia-
tion can be collided in a small enough area. To
achieve this it is desirable for the photons to be
emitted into a narrow cone and for the emis-
sion region to be short so that the beam does
not diverge very much. The angular width most
of the synchrotron radiation is emitted into is
θ ∼ 1/γ, which is indeed very small for the en-
ergies we are concerned with. To reduce the
length of the emission region the magnetic field
strength should be large.
For the analysis of the collisions it would also
be desirable for the photon spectrum to be nar-
row, and to reduce the length of the accelerator
the photon energy should not be too far below
the energy of the charged particle. Both of these
properties can also be achieved by using strong
magnetic fields. Specifically, the magnetic field
strength in the rest frame of the radiating par-
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ticle, in units of the critical field strength, is
χ =
γB
B0
(5)
where B0 is the QED critical magnetic field
strength, which is 4.4 × 109 T for electrons and
scales as m2. For χ < 1, the synchrotron radia-
tion has a broad spectrum centred around χE,
(where E is the energy of the charged particle),
but for χ ≥ 1, the spectrum becomes increas-
ingly narrow and peaks just below E – see, for
example, Figure 15.1 in [8]. Therefore passing a
beam of charged particles through a very strong
magnetic field would produce the desired photon
spectrum.
However, there is a serious difficulty with
this. If the magnetic field is stronger than the
critical field strength for the radiating particles,
which must be muons or heavier particles (elec-
trons presumably being ruled out as discussed
above), it will be very much above the criti-
cal field strength for electrons. Therefore the
photons will be able to pair-produce electron-
positron pairs. The photon beam will be atten-
uated, with the attenuation coefficient per unit
length given by [9]
α =
αEMmec
2~
B
B0
T (χ), (6)
where T (χ) ≈ 0.60χ−1/3 for large χ, and here
χ =
0.5Eγ
mec2
B
B0
and the critical field strength for
electrons should be used. The length scale over
which a particle of energy around 5× 1014 GeV
loses most of its energy to synchrotron radia-
tion is rather small even for moderately strong
magnetic fields, lloss ≈ 400B2/3 m, where B is mea-
sured in Teslas. Over this length scale the loss
due to electron-positron pair production is sig-
nificant: the photon intensity is attenuated to
e−llossα ≈ 30%. Some of the electrons and
positrons will then radiate again, so the over-
all efficiency is slightly better than this, but this
is still rather inefficient.
Undulator design
An alternative way to achieve a narrow spec-
trum is to use an undulator – a setup in which
the magnetic field is periodic with period λu and
causes the charged particles to have a periodic
trajectory, usually sinuisoidal. If there are N
periods the bandwidth of the emitted radiation
is ∼ 1N centred at a wavelength approximately
given by
λ ≈ λu
2γ2
, (7)
where γ is the Lorentz factor of the primary par-
ticles. Note that the radiated wavelength is in-
dependent of the magnetic field strength; how-
ever, the radiated intensity will be very small
unless B is such that the corresponding syn-
chrotron radiation spectral density is apprecia-
ble at λ. Thus if we do not want E to be very
much greater than Eγ , we must have χ not much
smaller than 1.
The best particles to use as the primaries
are probably muons. This is because (again, as-
suming electrons are impractical) all other par-
ticles that are sufficiently stable to accelerate
are hadrons, for which pion emission [10] would
compete with synchrotron radiation.
Ideally, the muon energy E would be only
slightly higher than Eγ . In this case recoil effects
will be very significant. These will reduce the
coherence of the undulator [11]: after the muon
has emitted a photon its velocity will be reduced
and the relative phase between the muon and
photon will no longer increase by 2pi over one
undulator period. However, this does not mat-
ter: most of the initial muon energy will already
have been transferred to the first photon emit-
ted, so what happens to the muon after that
is not important (and much of its remaining en-
ergy can be recovered in the absorbers described
in section 4).
A further advantage of an undulator is that
it will suppress pair production. This is be-
cause the relative phase between the photon and
the electron–positron pair will in general not be
a multiple of 2pi per undulator period, so over
many periods there will be destructive interfer-
ence, reducing the amplitude for pair produc-
tion.
The undulator parameters — the muon en-
ergy, magnetic field, number of periods, and
shape, which need not be sinusoidal — will de-
termine the photon energy, photon bandwidth,
angular width of the photon beam, and the pair
production rate. The actual choice of param-
eters will be a trade-off between these proper-
ties and will depend on the details of future
technological development. However, a guess
at reasonable parameters shows that they do
not seem to be too challenging; indeed, some
of them are already possible with present-day
technology. For example, for a muon energy of
6 × 1014 GeV, the undulator wavelength, given
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by (7), is 160 m, and the required magnetic field
is 0.02 T. The energy loss distance with this field
is ≈ 7000 m, which would give N ≈ 50 undulator
periods.
To achieve a narrow bandwidth the number
of periods can be increased by using a design of
the type shown in Figure 1, where the magnetic
field is only non-zero for a small part of each un-
dulator period. This has the further advantage
of giving a narrow beam; the photons are emi-
ited into a cone of angular width approximately
1/γ
√
N , where N is the number of undulator
periods. As we will see in section 3, it is desir-
able for the beam to be as narrow as possible so
that the interaction region can be long.
However, if lB is too small, pair production
will not be suppressed. This is because the
phase per undulator period, φ, goes as θ2 ∝ l2B
while the number of undulator periods goes as
N ∝ 1lB . Thus for sufficiently small lB the total
phase over the length of the undulator, Nφ, will
become small and there will be no cancellation.
This only occurs for very small lB, however:
pair production will be supressed as long as
Nφ & 2pi, and for symmetrical electron-positron
pairs1 this is still satisfied for lB ≈ 0.2 m, cor-
responding to N ≈ 16000 and φ ≈ 0.005. For
these parameters the bandwidth of the undula-
tor would be ∼ 116000 and the angular width of
the photon beam would be ∼ 10−18.
Nevertheless there will still be some pair-
production, and we do not want the electrons
and positrons to enter the interaction region.
The same goes for any remaining muons. These
particles can be swept aside by a short section
of magnetic field. Since the bending angle is
proportional to B but pair production is pro-
protional to B2/3 for strong fields [8] this field
should be as intense as possible to prevent fur-
ther pair production occuring within it. For ex-
ample, a field of 104 T and length 1 mm would
bend the particles through an angle ≈ 5×10−15
with pair production losses of less than 0.2%.
The distance between the synchrotron conver-
sion region and the interaction region is limited
by the requirement that the photon beam does
not become too wide. For the parameters above,
and assuming a maximum permissible spread of
10−9 m, the distance to the interaction region
can be up to 109 m. The electrons, positrons and
muons would thus be deflected by ∼ 5×10−6 m,
which should be sufficient.
In conclusion, the most feasible design for a
GUT-scale collider is probably a photon-photon
collider, with the photons produced by syn-
chrotron radiation from a muon beam of slightly
higher energy than the desired photon energy.
By using a suitably designed undulator a nar-
row bandwith, small angular width, and a low
pair production rate can be achieved.
θ
λu
lB
B = constant B = 0 B = constant B = 0 B = constant
Figure 1: Possible undulator design.
3 Interaction region
The low photon-photon cross-section, which we
have gone to all this effort to achieve, now be-
comes a problem: the probability for any two
photons in the colliding beams to interact will
be small. Since photons are neutral, they can-
not be focused to another collision point, so they
must have a high probability of interacting in a
1For asymmetric pairs the two particles will have different phases and the slower particle can even have a phase that
is a multiple of 2pi; however, the faster particle will always have a phase that is between 0.5 and 1 times the phase for a
symmetric pair and so the supression will still occur.
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single collision otherwise the energy used pro-
ducing them will be wasted. Therefore, to make
the interaction probability large, bunches with
large numbers of particles will be required. This
means many secondary particles can be pro-
duced, and can potentially interact with other
photons and with each other. It turns out this
can lead to serious problems.
The key reactions, and their cross-sections at√
s = 1015 GeV, are (h here stands for a hadron):
• γγ → hadrons, 12µb [1].
• γγ → e+e−e+e−, 6µb [5].
• γe→ ee+e−, 150 mb [5].
• γh→ hadrons, 4 mb.
• hh→ hadrons, 1200 mb.
For the last two reactions the exact value
of the cross-section will depend on the identity
of the initial-state hadron(s). Here, to be spe-
cific, we have used the pp cross-section in the
last reaction, and used the fact that the ratios
σγh→hadrons
σhh→hadrons and
σγγ→hadrons
σγh→hadrons are similar, and es-
sentially measure the hadronic component of the
photon (see e.g. [12]), to interpolate the cross-
section for γh → hadrons. We will also need to
know how many hadrons are produced per col-
lision in the first and last two processes. This
is difficult to estimate, but around 104 seems a
plausible number.
Now let us consider what will happen when
two photon bunches collide. Initially the
bunches consist only of photons and only the
first two reactions are relevant. These will
rapidly increase the proportions of electrons,
positrons and hadrons: when the number of
photons has fallen to 1 −  of its inital value,
the proportion of electrons and positrons will
each be 2/3, and the proportion of hadrons
will be 104. As the number of hadrons in-
creases, the reaction γh→ hadrons will start to
become important; this will happen when the
hadron proportion is ≈ 184000 , which is around
 ≈ 5×10−7. Similarly, the reaction γe→ ee+e−
will start to become important when the elec-
tron and positron proportions reach ≈ 18300000 ,
which is around  ≈ 10−4.
This is a disaster! Once these other reactions
become important, they will produce yet more
electrons, positrons and hadrons, all of which
can react with the remaining photons. Effec-
tively, the cross-section for the process γγ →
anything is far higher than we expected. This
in turn means that the energy requirements for
a γγ collider are much higher.
However, this analysis is too pessimistic
since it neglects the fact that the secondary par-
ticles are produced at an angle θ to the beams.
They will thus remain in the collision region for
only a fraction of its length. This is the reason
alluded to above for the photon beams to be as
narrow as possible; we found that an angular
width of ∼ 10−18 should be achievable. If pho-
ton beams of this width are collided head-on,
the secondary particles will only travel through
a fraction f ∼ 10−18θ of the collision region before
exiting its side. This will reduce the probability
for a secondary particle to collide with a beam
photon by a factor f , and the probability for two
secondary particles to collide by a factor f2.
Furthermore, the effective cross-section can
be further reduced by using the fact that these
reactions do not take place at a single space-
time point but over an extended region. Con-
sider as an example the reaction γγ → hadrons.
At the parton level, this begins with each pho-
ton splitting into a qq¯ pair, and then typically
into multiple partons [13]. Due to time dila-
tion, this “partonisation” takes place over a fi-
nite length scale ∼ EγΛQCD 1ΛQCD ∼ 0.1 m. In a
typical soft interaction the partonised photons
then exchange pomerons and further partons in
a volume of lengthscale 1ΛQCD . Each colour-
singlet combination of partons will produce a
chain which will then fragment into hadrons.
In the Lund string model [14] this hadronisa-
tion begins at the centre of the chain producing
hadrons almost at rest within a timescale 1ΛQCD ,
and proceeds towards the ends of the chain pro-
ducing hadrons with larger Lorentz boosts γ af-
ter a timescale ∼ γ 1ΛQCD until it reaches the end
of the chain where the fastest hadrons are pro-
duced in a timescale . EγΛQCD
1
ΛQCD
.
To exploit this behaviour to reduce the cross-
section, we can impose a periodic magnetic field
during the first stage of the collision. This will
suppress the amplitude for partonisation, sim-
ilarly to how we supressed the amplitude for
pair production in the undulator. In this case
there is a complication in that particles with
different charges are involved: these will follow
different trajectories in the magnetic field and
hence accumulate different phases after one pe-
riod of the field. Specifically, a particle of charge
Z|e|, where e is the electron charge, will be bent
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through an angle proportional to Z in a mag-
netic field; thus the phase
2pi
λ
∫
dl
θ2
2
(8)
is proportional to Z2. The pair-produced parti-
cles have charges |Z| = {1/3, 2/3, 1} for down
quarks, up quarks and electrons respectively;
thus after one period of the magnetic field, their
phases will be in the ratio 1 : 4 : 9.
We have investigated the reduction in ampli-
tude that can be achieved in a toy model. We
take the length of the magnetic field lB equal
to the length of the partonisation region. The
magnetic field has N periods and is piecewise
constant:
B =

0, x ≤ 0
0, x ≥ lB
c, 0 < x < lB and |x− lBN | < lB4
−c, 0 < x < lB and |x− lBN | ≥ lB4
(9)
For a particle pair produced at x we calculate
the trajectory in the magnetic field from x to the
end of the magnet, and then use equation (8) to
calculate the corresponding phase φx. Finally
we integrate over x:
Production rate ∝
∣∣∣∣∫ dxeiφx1φx2∣∣∣∣2 . (10)
Here φx1 and φx2 are the phases for the two
particles in the pair, which are in general dif-
ferent since the two particles can have different
momenta. However, production of pairs with
large invariant mass, and thus very different mo-
menta, is suppressed [5]. We thus vary the mo-
menta over the range (p1, p2) = (0.1, 0.9)p to
(p1, p2) = (0.9, 0.1)p. We weight all momenta
within this range equally; in reality the ampli-
tude will peak for equal momenta, but the im-
portance of different momenta will also depend
on the angle the resulting hadrons will be pro-
duced at, their energies etc., and for the pur-
poses of this toy model we neglect all that.
We show the result for the case N = 3 in Fig-
ure 2, where we parametrise the magnetic field
by the phase a symmetric pair acquires over a
single period of the field. It is clear that sub-
stantial suppression, to a level ∼ 0.0002, is pos-
sible. However, as described above, the phases
for down quarks, up quarks and electrons are dif-
ferent so this suppression cannot be achieved for
all three simultaneously. If we wish to minimise
the sum of the three suppression rates the best
set of phases is {2.14, 8.56, 19.25}×pi, where the
sum of production rates is suppressed by a fac-
tor of 0.00049. For lB = 0.1 m this corresponds
to a magnetic field strength of 8900 T.
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Figure 2: Suppression of pair production for N = 3.
This is a very strong magnetic field, but it
is only required over a very small volume 0.1
m long and perhaps 10−9 m wide for less than a
nanosecond. Fields of this strength (albeit longi-
tudinal and constant in space rather than trans-
verse and periodic) have already been produced
by the Z Pulsed Power Facility over such vol-
umes and timescales [15], so this should be fea-
sible. They could also be produced by relatively
low-energy electron bunches propagating along-
side the photon beams; a 8900 T magnetic field
could be produced by a current of 4500 A at a
distance of 10−7 m. Again, this is only required
for less than a nanosecond, so the electron bunch
needs to include ∼ 1013 electrons, which seems
feasible.
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A realistic analysis would have to include
several complications. Firstly, the above calcu-
lation is for production of a single pair, but the
first two reactions produce two pairs, so there
will be additional suppression. We have also
implicitly assumed suppression of each species
is equally important, but in fact the production
rate for down quarks is lower than for up quarks
by a factor of 16. Electron-positron pair produc-
tion has a very long formation length & 105 m at
these energies; thus the reactions involving elec-
trons and positrons could be further suppressed
by extending the magnetic field over a longer
lengthscale.
Another point is that we have carried out the
above calculations for a fixed photon momentum
5× 1014 GeV. This is a good approximation for
the first four reactions. However the last re-
action will occur at a range of lower energies,
and involve a hadron partonising2, rather than
a photon. In this case the supression will be
much weaker. The partonisation lengthscale is
much shorter, say 10−3 m for hadrons with en-
ergy 5 × 1012 GeV, and in particular is much
shorter than a single period of the magnetic
field. Thus the hadron will experience a con-
stant magnetic field. The partonisation rate
will be suppressed by approximately the ratio of
the partonisation lengthscale and the distance
over which quarks are bent through an angle
ΛQCD
E ∼ 10−13, which is about 10−4 m. So the
partonisation rate will be suppressed by roughly
a factor of 10.
Finally we have neglected higher order reac-
tions and those which produce heavier particles.
These have smaller reaction rates but also much
shorter formation lengths which mean they will
be suppressed much less.
Some of these complications will increase the
suppression and some will decrease it. In the
absence of a full calculation we will assume that
suppression by about a factor of 300 is possi-
ble for the reactions γγ → hadrons and γh →
hadrons, that the reactions involving electrons
can be neglected, and that the cross-section for
secondary hadrons to interact, hh→ hadrons, is
reduced by about a factor of 10.
Effective cross-section
In order to calculate the effective photon-photon
cross-section we also need to know how many
particles will be produced in each collision, and
what angles they will be produced at. At ex-
tremely high energies, colliding photons behave
very much as hadrons with a reduced cross-
section [13]. In particular, this means that
most collisions are “soft” – that is, the mo-
mentum and energy exchanged are small – and
the products emerge predominantly along the
beam directions. To be specific, for proton-
proton collisions, an approximately flat distri-
bution in rapidity is expected. This is almost
the same as a flat distribution in pseudorapid-
ity, η = −ln(tan θ2), where θ is the angle to the
beam direction [16]. I have not been able to
find a clear statement in the literature on the
expectations for photon-photon collisions, but
simulations show similar behaviour [17]. Also,
similarly to the case for hadrons, the simula-
tions in [17] show that most events have very
low transverse momenta, of the order of 1 GeV,
so for large η (small θ), θ ≈ 1GeVE , where E is
the particle energy.
The distribution in η is approximately flat
up to the maximum kinematically allowed pseu-
dorapidity ≈ ln
√
s
ΛQCD
, which we take to be 35 for
the reactions γγ → hadrons and γh → hadrons
and 27.5 for hh→ hadrons. We take the number
of hadrons per unit pseudorapidity to be 100 in
all cases. The most important hadrons are those
produced at large pseudorapidities, since these
have the most energy and also will stay in the
beam the longest. We must also consider the
effect of the magnetic field. This bends the par-
tons through an angle θbend which depends on
the location where partonisation began, but is
of order 5 × 10−14 for the partonisation of pri-
mary photons, and 10−12 for the partonisation of
hadrons with energy ∼ 1012 GeV. The hadrons
eventually produced by these partons will in-
herit this angle3. So hadrons with the largest
pseudorapidities, above −ln(tan θbend2 ), will end
up travelling at angles ∼ θbend rather than the
angles corresponding to their pseudorapidities.
This occurs for pseudorapidities above about 30
for γγ → hadrons and γh → hadrons and 27.5
for hh → hadrons. Thus around 500 and 100
hadrons respectively will be produced with an-
2Partonisation is not required for valence quarks, which are there all along, but these only contribute a small part of
the cross-section.
3This is true for neutral hadrons. Charged hadrons will be bent through a further angle; we neglect this.
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gles around θbend. We neglect hadrons produced
at larger angles.
In summary, the reactions in the magnetic
field have approximately the following proper-
ties:
• γγ → hadrons: σ = 40 nb, producing
∼ 500 hadrons at θ ≈ 5× 10−14.
• γh → hadrons: σ = 13µb, producing
∼ 500 hadrons at θ ≈ 5× 10−14.
• hh → hadrons: σ = 100 mb, producing
∼ 100 hadrons at θ ≈ 10−12.
With these assumptions we can calculate an
effective photon-photon cross-section. We pro-
ceed by calculating the number of photons per
unit area which are just enough so that each
photon interacts once. This occurs for nγ ≈
1035 m−2. For this photon density, a photon has
a probability of approximately 0.4 of interacting
with another photon, and thus on average will
produce about 200 hadrons with f = 2 × 10−5,
giving a hadron density of nh ≈ 4 × 1032 m−2.
The probability of a photon interacting with one
of these secondary hadrons is 0.5, and the prob-
ability of one of these hadrons interacting with
another is 0.08. The second of these reactions
will dominate in terms of the number of tertiary
hadrons produced: about 8 with f = 10−6 will
be produced per secondary hadron. This will
only increase the hadron density by 40%. Since
f for the tertiary hadrons is small, few of them
will interact so the impact of further reactions
can be neglected. Thus the total probability for
a photon to interact is 0.9, indeed very close to
1.
The effective cross-section is the inverse of
nγ , σeff ≈ 100 nb. This is over a factor of 100
lower than the naive cross-section. The calcula-
tion above is of course very rough and is proba-
bly at best correct to within an order of magni-
tude, but this result is very encouraging. It ap-
pears that an exponential cascade which greatly
increases the cross-section can be avoided and
in fact the cross-section can be reduced substan-
tially. For the remainder of this paper we will
assume that a cross-section of 100 nb can in fact
be achieved. Note that this a factor 107 lower
than the pp cross-section we started with.
With this cross-section, the energy required
to collect 10 interesting events is about 4 years of
the total solar luminosity. Since the collider will
likely take decades to construct (see section 5.1)
it would probably make sense to run for longer,
say 40 years, using a fraction, say 10%, of the
solar luminosity.
4 Detector design
As discussed at the beginning of section 3, be-
cause of the low photon-photon cross-section,
bunches with large numbers of particles will be
required. This in turn means that each bunch
collision will release a lot of energy. For a beam
width of 10−9 m, the number of photons per
bunch would have to be around 1017, and the
energy released per collision would be 1022 J. De-
signing the detector to absorb this energy will be
a challenge.
As dicussed above, most of the collisions
will be “soft” and will have an approximately
flat distribution in pseudorapidity up to the
maximum kinematically allowed pseudorapidity
≈ ln
√
s
ΛQCD
≈ 35. This implies that the en-
ergy is distributed exponentially, dEdη ∝ eη, with
most of the energy concentrated in the inter-
val 34 . η . 35. Since these are soft events,
they will not teach us anything about GUT-
scale physics. Therefore one possibility would
be to simply allow the collision products at high
pseudorapidity to escape into space. However,
if they can be absorbed, their energy can be re-
cycled to improve the overall efficiency of the
collider. This appears to be feasible for a care-
fully designed absorber.
When a high energy particle hits a detec-
tor, a shower of secondary particles is produced.
The absorber must be large enough to contain
this shower. The required absorber size depends
on the type of particle: at moderate energies,
electrons and photons require the smallest de-
tector depths, followed by hadrons, and then
muons. Neutrinos interact very weakly and it is
impractical to contain them. However, at GUT-
scale energies this changes: in ice at ∼ 1014 GeV,
shower depths are around 1 km for electrons and
photons, tens of km for muons, but only ≈ 40 m
for hadrons [18]. Neutrinos interact much more
strongly at these energies and a depth of tens of
km is also sufficient to absorb them [19].
A relevant factor for the design of the de-
tectors is the bunch structure. The photons in
each beam can either be in a single long but
relatively low-density bunch, or in a number of
shorter denser sub-bunches which pass through
each other, such that a photon will interact
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roughly once after passing through all of them.
This second arrangement is probably more con-
venient: it means that collisions only occur in a
number of discrete regions, so the low-η detec-
tors (which will be sensitive to hard collisions)
are only needed in these regions and not along
the whole interaction region. Also, the cross-
section suppressing magnetic fields can be var-
ied along the interaction region: within 0.1 m
of the collision regions they can be as described
above, and further away they can be optimised
to suppress only reactions involving electrons,
which have a much longer formation length. Fi-
nally, splitting each bunch into a large number
of sub-bunches reduces the energy that must be
absorbed in one go in the detectors.
The number of sub-bunches must be large
so that the secondary and tertiary hadrons pass
through multiple sub-bunches and gaps before
they exit the beam; otherwise they will see an
above-average particle density and the effective
cross-section will increase. Since the tertiary
hadrons have f ≈ 10−6 this means there must at
least around 106 sub-bunches within each bunch.
4.1 Hadron absorber
The most challenging part of the detector will
be the part which absorbs hadrons, which carry
most of the energy and have the shortest absorp-
tion length, at very high η, where most of the
energy is concentrated. The absorber must not
only absorb this energy but also convert it into
a useful form capable of being transferred over
large distances back to the accelerator. This is
particularly challenging for hadronic absorption,
since the small absorption depth means the en-
ergy density absorbed could be huge. To avoid
this, the density of the absorber could be re-
duced to spread the absorption over a larger vol-
ume; however, it would then be difficult to ex-
tract heat from the interior of the absorber suffi-
ciently fast. One way to deal with this is to sep-
arate the hadron absorber into two components:
a small dense target which absorbs the beam en-
ergy and radiates it as X–rays, surrounded by a
much larger shell which absorbs the X–rays and
converts the energy into a useful form.
We begin by considering the dense target.
This should be a cylinder about 40 interaction
lengths in depth, and one interaction length in
radius [22]. The nuclear interaction length de-
pends on the density, λ = k/ρ, where k ≈
100 g cm−2 for most materials. Thus the number
of atoms in the target scales as ρ−2. Therefore
at low temperatures, where most of the energy
ends up in ions and electrons, the temperature
goes as ρ2 and the energy density in ions and
electrons goes as ρT ∝ T 3/2. The energy den-
sity in photons increases faster; it goes as T 4.
There is thus a crossover temperature, which is
hundreds of eV for most light elements, above
which most of the energy ends up in photons. In
this regime the energy density in photons con-
tinues to increase as T 4 while the energy density
in ions and electrons increases as T 7/3.
This means that if we choose the target
parameters so that the temperature after the
hadrons are absorbed is above the crossover tem-
perature, most of the energy will indeed end up
in X–ray photons. To obtain photons with a
desired X–ray temperature, the volume of the
absorber should be chosen so that the energy
density of black-body radiation at that tempera-
ture, multiplied by the absorber volume, is equal
to the absorbed energy. For example, suppose
the beam width is 10−9m and there are 106 sub-
bunches, so the energy to be absorbed per sub-
bunch is 1016 J. If we require a temperature of
4 keV the volume of the absorber is about 2 m3.
This in turn determines the interaction length
and hence the density and mass of the absorber.
The absorber turns out to be rather small, with
a mass of ∼ 104 kg, a radius of tens of centime-
tres, and a length of ten metres or so.
We now turn to the large shell, and in par-
ticular the case where the energy is released as
infra-red radiation; this has the advantage that
it may be feasible to beam it directly to where
it is required without requiring a further conver-
sion step (e.g. a heat engine powering a laser).
To minimise the sphere area it should be con-
structed of a material with a very high melting
point such as graphite. The size of the sphere
required seems manageable: for example, for a
temperature of ≈ 4000 K the radius would be
≈ 3000 km. The thickness of the sphere is deter-
mined by the X–ray energy; it must be such that
the absorption depth for the X–rays is smaller
than the thickness of the graphite shell. For the
particular case of graphite, a thickness of 100µm
is required for an X–ray energy of 4 keV [20, 21].
This corresponds to a mass m ≈ 3× 1013 kg.
The total power used for collisions deter-
mines the total number of absorbers required: if
10% of the solar luminosity is used, with 100%
efficiency (see also section 6.1), there would be
10
≈ 104 interaction points, and so ≈ 2 × 104 ab-
sorbers, requiring a total carbon mass of around
6 × 1017 kg. This is modest: it is only about
0.2% of the total carbon in the atmosphere of
Venus.
4.2 Other components
It seems that a similar design to the hadronic
absorber could be used to absorb electromag-
netically interacting particles. Since their in-
teraction length is longer at these energies, this
should be placed behind the hadronic absorber.
However, it is in fact difficult to use the same
principle of a small dense target first absorb-
ing the energy and then reradiating it as X–
rays. This is because the EM absorber should be
larger (because of the longer interaction length)
but would absorb less energy, so the temper-
ature it reaches would be too low for most of
the energy to be in photons. A more elegant
alternative is to place a weak magnetic field in
front of the hadron absorber. This will cause
a shower of electromagnetic particles down to
energies for which E
mec2
B ≈ B0, similar to the
“preshower” of ultra-high energy cosmic rays in
Earth’s magnetic field [9]. We can choose B so
the shower stops at energies around 109 GeV, for
which the hadronic and electromagnetic interac-
tion lengths are similar [18]. The electromagnet-
ically interacting particles can then be efficiently
absorbed in the hadronic absorber.
This just leaves muons and neutrinos. These
will only contain a small fraction of the energy,
so it should be easier to design absorbers for
them. On the other hand, precisely because they
only contain a small fraction of the energy, it
may not be worth the trouble of trying to re-
cover energy from them and they may simply
be allowed to escape.
At lower η, the energy density is exponen-
tially lower. Therefore the detector design be-
comes much less challenging and the detector
can be designed with particle identification and
tracking in mind, rather than energy recovery.
The smaller energy density means this part of
the detector can be much more compact.
5 Accelerator design
Given the above, the requirements for the muon
accelerator are:
• A muon energy around 6× 1014 GeV.
• A (sub-)bunch interval of 3× 10−6 s.
• 1011 muons per bunch.
A circular accelerator with this energy would
have huge synchrotron radiation losses unless its
radius was huge, & 1030 m (larger than the Hub-
ble radius). A linear accelerator can be much
shorter than this so would definitely be pre-
ferred. With current conventional accelerator
technology, gradients of 100 MV/m are possible.
It seems plausible that this could be increased
to, say, 1 GV/m by the time the collider pro-
posed here is built, which would give a length of
6× 1014 m (about a light month).
It is possible advanced accelerator technol-
ogy could reach much higher gradients than
this. Possibilities include acceleration in di-
electric structures, plasma wakefield accelera-
tors, or acceleration in crystal channels (see [23]
for a review). These might achieve gradients
of 1 TV/m, which would reduce the required
length to less than 1012 m – roughly the radius
of Jupiter’s orbit.
Note that the total length of the collider
would be slightly over double the length calcu-
lated above, since two muon accelerators are re-
quired, one in each direction. An additional al-
lowance must be made for the undulators and for
the detectors, but these will be orders of magni-
tude smaller.
The accelerator must also be designed to
avoid excessive losses due to absorption of vir-
tual photons [24]. These can be estimated us-
ing the Weizsa¨cker-Williams approximation. In
the accelerator frame, the Coulomb field of the
muon becomes a short electromagnetic pulse.
The energy of this pulse in an annulus between
radii R and 2R from the beam is γα/2R, and the
photon energy is ω ≈ γ/R. For, say, R = 0.1 m
we find the pulse has an energy of about 50 MeV
and ω ≈ 10 GeV. Absorption lengths at 10 GeV
are tens of g cm−2 (with high-Z materials hav-
ing the shortest absorption length), and a den-
sity of ∼ 1g cm−3 seems reasonable to allow
for gaps between components etc., which would
give an absorption length of tens of centimetres.
This would lead to losses of around 100 MeV/m,
safely lower than the likely acceleration gradi-
ent. However, large densities of high-Z materi-
als very near (. 1 cm) to the beam should be
avoided. (For electrons this problem would be
orders of magnitude worse; this is another rea-
son to prefer muons to electrons as the primary
particles.)
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The losses can be further reduced by mak-
ing the bunches very short, so that the Coulomb
fields of the muons overlap. If there are 1011
muons per bunch and the bunches are 10−6 m
long the Coulomb fields will overlap within a
few centimetres of the beam. At greater radii,
there will be a single pulse rather than one for
each muon, and the relevant photon frequencies
will be around the bunch length. This is below
the plasma frequency for most metals, so the
photons will be reflected rather than absorbed,
greatly reducing the losses.
Note that ref. [24] assumes that the
beampipe must be solid and very thick to
contain the pressure of the electromagnetic
fields which accelerate the high energy particles,
and so concludes that the inner radius of the
beampipe must be very large to prevent large
losses by absorption of virtual photons. How-
ever, this is too pessimistic: it assumes the pres-
sure is static and must be balanced by static
forces in the pipe, whereas in fact it will only be
present while the very short bunches are pass-
ing, so it can be balanced by inertial forces
(the pipe can ‘stretch’ while the bunch passes).
In a plasma wakefield accelerator there is no
beampipe anyway.
We have so far discussed the accelerator as if
there is only one. However, this is not the case;
there will need to be a large number of accelera-
tors running in parallel. If there is one pair per
interaction point there will be about 2 × 104 of
them.
The materials required to construct the ac-
celerators will be substantial. It is hard to
know how much mass would be required per unit
length, since this depends so much on the accel-
eration technology. Assuming, say, 100 kg m−1,
and 20000 accelerators each of length 6×1014 m,
the total mass required would be 1021 kg. For
comparison, the mass of Mercury is 3× 1023 kg,
so this seems manageable.
One final remark about the length: the most
important consideration in the design of the col-
lider is the energy efficiency. It may be therefore
that a lower acceleration gradient, and hence
longer accelerators, will be preferred if it is more
efficient.
5.1 Location
It would make sense for the interaction points to
lie as near the solar system as possible, since this
will decrease the total distance construction ma-
terials will have to be transported. However, the
accelerators and detectors will need to lie almost
on a straight line to reduce synchrotron losses.
The problem with this is that an initially linear
arrangement will not remain straight if the com-
ponents are orbiting (except for the courageous
option of the components moving directly to-
wards/away from the Sun and hence aiming one
of the beams directly at the inner solar system).
One solution is to give the whole collider an ini-
tial transverse velocity away from the Sun. The
outer parts would continue moving at approxi-
mately constant velocity, while the central parts
would be slowed by the Sun’s gravity, and would
need to be accelerated to overcome this. The to-
tal delta-V required for this over the 40-year life-
time of the collider is approximately 7500
d2
km s−1,
where d is the distance from the Sun in astro-
nomical units. This is less than 10 km s−1 for
distances around Neptune’s orbit or greater.
Much larger delta-Vs would probably be re-
quired to construct the accelerator in a reason-
able timescale. For the length of 6×1014 m con-
sidered above, velocities in excess of 600 km s−1
would be needed for the outermost accelerator
components in order to get them to the required
location within 30 years. However, these veloci-
ties are only required for the ends of the acceler-
ators; smaller velocities are enough for the inner
parts and the detectors.
Are these speeds energetically feasible? Sup-
pose a total mass of 1021 kg must be accelerated
to an average speed of 500 km s−1; the total ki-
netic energy required is then about 1032 J. This
is “only” 0.01 years of the total solar luminos-
ity, and hence very small compared to the energy
which will be required to run the accelerator. So
this is OK.
6 Energy transfer
The energy required by the collider can be col-
lected by a Dyson swarm [25, 26] – a large num-
ber of solar power collectors that partially or
completely enclose the Sun. The energy required
to achieve the desired integrated luminosity is
5× 1034 J; a Dyson swarm collecting 10% of the
Sun’s light could collect this much energy in 40
years.
In addition, time would be required to con-
struct the Dyson swarm. The speed of construc-
tion can increase exponentially with time, as the
energy from the partially completed swarm is
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used to manufacture further collectors. One es-
timate is that constructing a complete swarm
would take 30 years and that the mass required
would be less than the mass of Mercury [27].
The energy collected by the Dyson swarm
must then be transmitted to the accelerator, up
to 6× 1014 m away. Two methods proposed for
transmitting power over long distances in space
are microwaves (transmitted by antennae and
received by rectennas) and light waves (trans-
mitted by lasers and received either by photo-
voltaics or by some sort of heat engine). The
minimum size for the transmitters and receivers
is given by the diffraction limit. For electromag-
netic waves of wavelength λ, the transmitter and
receiver sizes sr and st are related to the dis-
tance L by srst & Lλ. Even for the largest dis-
tances considered, the required transmitter and
receiver sizes are tens of km for lasers and up to
thousands of km for microwaves.
However, a diffraction-limited receiver would
be exposed to huge power densities. The
power being transmitted is 10% of the total so-
lar luminosity; for a receiver tens (thousands)
of km across, the power density is ∼ 1016
(1012) W m−2. This seems far too high, so either
the receiver should be larger than the diffrac-
tion limit, or there should be many of them.
Whether laser or microwave transmission should
be used will depend on which has better energy
efficiency, and to some extent also on the mass
required. The mass required will be at most sim-
ilar to the mass required for the Dyson swarm,
since the total power absorbed is the same.
A possible approach which might help effi-
ciency would be to use the same wavelength for
both power transmission and particle accelera-
tion. Conventional accelerator technology uses
microwaves, and plasma acceleration uses lasers.
Therefore it would in principle be possible to
redirect the incoming electromagnetic radiation
directly into the accelerator, which would avoid
two conversion steps: microwave (laser) to elec-
trical, and electrical to microwave (laser).
6.1 Energy efficiency
It is very difficult to estimate the energy effi-
ciency of possible future technologies without
knowing the details. Optimistically, however,
and bearing in mind that the Carnot efficiency
for recovering waste heat could be very high
since temperatures in the outer solar system are
very low, we might assume something like the
following:
• a = 80% of the solar luminosity is deliv-
ered to the accelerator.
• The accelerator efficiency is b = 60%.
• c = 90% of the collision energy is recovered
and delivered back to the accelerator.
The total efficiency with these assumptions is
ba
1−bc = 104%. Thus an efficiency around 100%
appears possible.
7 Conclusions
We have shown that a feasible design for a GUT–
scale collider is a photon collider, with the pho-
tons produced as undulator radiation from muon
beams of slightly higher energy. Such a col-
lider would be approximately 1015 m long, and
would require 40 years to collect O(10) interest-
ing events if powered by 10% of the full solar
luminosity. In order to control the energy re-
quirements, secondary reactions in the collision
region must be suppressed; we have shown that
this can be achieved if the collision region is very
long and partonisation takes place in a strong
periodic magnetic field.
There do not appear to be any fundamental
reasons why a collider of the type described in
this paper could not be built. However, there
is the issue of vacuum stability to consider. We
are assuming no physics beyond the Standard
Model; however, the Standard Model vacuum is
probably metastable [28], raising the possibility
that GUT-scale collisions could cause vacuum
decay. Even if it can be shown that this would
not occur within the Standard Model, there is
the possibility of new physics changing this con-
clusion.
No cosmic rays have been observed with en-
ergies near the GUT scale. However, a greater
understanding of the sources of cosmic rays
might show that cosmic rays with these energies
do exist and that they sometimes collide within
or near these sources; if enough collisions have
occurred in our past lightcone this would show
that vacuum stability is not a problem. Simi-
larly, greater understanding of cosmology may
show that the early universe reached a temper-
ature above TGUT, which would allow a similar
conclusion to be reached. This issue should be
resolved before construction begins.
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